The variations of the amounts of phospholipid transfer proteins (PLTP), determined by ELISA and immunoblotting methods, were followed during the maturation and germination of maize (Zea mays L.) seeds. Changes of the amounts of PLTP occur during seed maturation. The levels of PLTP, low in the first 3 weeks after fecondation, strongly raised 3 to 5 weeks after, then reached and maintained a high value (10% of total soluble proteins) during the last steps of maturation. These variations, determined by ELISA, are in accordance with the observations made by immunoblotting. Changes in phospholipid transfer activity were also found when protein extracts prepared from seeds at different stages of maturation were assayed for transfer activity. The levels of PLTP were also determined during the germination of maize seeds and the early growth of the plantlets, both in the endosperm and the aerial parts. While no major change was observed in the endosperm, a high increase in PLTP level was found in the aerial part of the plantlet, both by ELISA and immunoblotting. An enhancement of the phospholipid transfer activity was parallely observed in the protein extracts of plantlets at various stages of germination. These results are consistent with an in vivo correlation between the synthesis of phospholipid transfer protein, observed during the maturation and germination of maize seeds, and the biogenesis of membranes which involves intracellular movements of phospholipids.
Phospholipid transfer proteins (PLTPs)' facilitate in vitro transfer of phospholipids between membranes (8, 9) . These proteins have been highly purified and characterized from various plant tissues such as maize seedlings (3, 4) , spinach leaves (10) and castor bean seedlings (17). The most extensively studied plant PLTP is that of maize. This protein is basic (pl near 9.0) and small size (9 kD). The amino-acid sequence (93 amino acids) and the nucleotide sequence of a cDNA corresponding to maize PLTP have been recently determined (14) . Despite the fact that the biochemical properties of plant PLTPs are now well known, their role in vivo is still unclear.
In order to gain insight into the physiological roles of the PLTPs, we antibody was available against maize PLTP and was used to develop an ELISA assay (6) .
MATERIALS AND METHODS Seed Development
Maize (Zea mays L. cv INRA 508) was used. Plants were grown in the experimental station of Versailles. Gathering of the seeds was limited to the upper cob on the plant.
The time course of grain growth was about 7 weeks from fertilization (shrinking of stigmas) to mature seed. After removal ofthe husks, the cobs were frozen and stored at -20°C.
Germination and Growth
Maize seeds (Zea mays L. cv Mona-France Mals) were soaked for 1 h and then grown on moist vermiculite in the dark at 30°C. Each stage (24, 36, 48, 60, 72, 84, and 96 h) of germination corresponds to the period of growth on vermiculite neglecting the 1 h soaking. We collected 150 seedlings among the most abundant morphological type represented at a given time. The seedlings were immediately dissected: changes occurring during germination were followed in parallel in the endosperm and in the growing regions of the developing seedling still attached to the scutellum. The roots were discarded, and the growing regions were studied immediately while the endosperms were frozen and stored at -80°C until further processing.
Preparation of Protein Extracts
The dialyzed protein solution was obtained as previously described (3) and corresponds to the total soluble protein fraction, directly used to quantitate PLTP by enzyme immunoassay.
In some instances, a further step ofpurification was applied: the total protein extracts were chromatographed on small (4 mL of gel) DEAE-trisacryl columns, equilibrated at pH 7.4 with Tris-acetate 10 mm buffer, 2-mercaptoethanol 8 mM, sodium azide 0.02%. The unbound fraction, rid of acidic proteins, contained basic proteins including PLTP. Protein concentrations were determined according to Lowry et al. (11) .
Quantitation of PLTP
Quantitative determinations of PLTP have been performed as described before (6) (15) . A specific IgG fraction purified by affinity chromatography as formerly described (6) was used.
Transfer Assay PLTP transfer activity was assayed and estimated according to the technique previously reported (3) in which the transfer of [3H]phosphatidylcholine from liposomes to maize mitochondria is followed.
RESULTS

Phospholipid Transfer Protein Levels during Seed Formation
Total soluble proteins and PLTP contents have been studied in parallel in the maturing seed (Fig. 1) . During the first 2 weeks of development, the amount of protein was very low. Protein accumulation began after this period and became very active between 3 and 5 weeks after fecondation. Eventually, from 5 to 7 weeks of development, the soluble proteins content only slightly increased.
The immunochemical quantitation of PLTP ( Fig. 1) shows that the level oftransfer proteins, very low during the 3 earliest weeks (from 0.2-2 ,ug per seed or 0.02-2% of total soluble proteins) abruptly raised between 3 and 5 weeks after fecondation during the period of important protein synthesis, to reach a stable amount (about 100 ,ug per seed of 10% of total soluble proteins) thereafter. Soluble proteins and PLTP exhibited the same pattern of accumulation.
Electroblotting of soluble protein extracts at different stages and immunodetection with specific anti-PLTP IgGs (Fig. 1) show that PLTP is only detectable at the two latest stages of maturation of the seed, when its accumulation is almost completed. These results are in good accordance with the ELISA quantitation of PLTP.
Phospholipid Transfer Activity during Seed Formation
The lipid transfer activity of PLTP, calculated on a per seed basis, was followed during the seed formation (Fig. 2 ). An increase in the activity was found, paralleling the increase in the mass of PLTP already indicated in Figure 1 .
During the first 3 weeks following fecondation, transfer activity presented a maximum when expressed relative to 1 mg of protein.
The variations of specific transfer activity observed could be related to the important physiological evolution occurring in the seed from the very small grain, 1 week after fecondation, to the almost dry 7-week-mature grain.
These variations could be due either to the presence of active PLTP isoforms not detected by the antibody (1-3 week period) or to a partial inactivation oftransfer activity of PLTP still immunoreactive (further stages).
Phospholipid Transfer Protein Changes in Different Parts of the Maize Seedling during Seed Germination Quantitative Evolution of PLTP in the Seedling during Germination Mass evolution of PLTP has been studied in the growing seedling still attached to the scutellum. Roots have been discarded just underneath the first internode (mesocotyl). In our conditions, at 30'C in the dark, germination is characterized by an important elongation of the mesocotyl, between 2 and 3 d after plantation. Coleoptile growth is important during the fourth day, and we observed the rupture of the coleoptile by the first leaf after about 96 h of germination. After a lag period between 24 and 36 h of germination, the amounts of soluble and basic proteins, expressed relative to one germinating plantlet, increased regularly (Fig. 3) . The content of PLTP was stable during the same initial period and then raised abruptly before the emergence of roots around 48 h of germination. A slower but uninterrupted synthesis of PLTP during the next 2 d was then observed (Fig.  3) .
The proportion of PLTP in basic proteins remained quite stable, around 2.5%, as the aerial parts of the plantlet developed. Electroblotting followed by immunodetection of PLTP at each stage (Fig. 3) is in good accordance with the above observation.
Evolution of PLTP Activity in the Seedling
Transfer activity calculated on a per seedling basis was followed during germination. No change occurred during the first 36 h (Fig. 4) . Transfer activity increased thereafter over the next 3 d with a marked enhancement between 36 and 48 h, corresponding to a period of important synthesis of PLTP (Fig. 3) . When the transfer activity was expressed relative to the amount of PLTP, only a slight maximum at 72 h was observed (Fig. 4) .
Quantitative Evolution of PLTP in the Endosperm
The evolution ofdifferent kinds ofproteins has been studied separately: total soluble proteins, basic proteins (after a step of purification by anionic chromatography), and PLTP. An increase in soluble proteins (total proteins, as well as basic proteins and PLTP) was observed at the very beginning of germination (Fig. 5) . This could be due to poor extraction of proteins after only 24 h of germination since seeds are still dry and difficult to grind at this stage. After 36 h, the amount of total soluble proteins decreased regularly. The amount of basic proteins was stable until 60 h of germination, then decreased markedly between 60 and 72 h (Fig. 5) . The amount of PLTP did not change markedly during the first 4 d of germination. Immunodetection of PLTP after electroblotting is in good accordance with ELISA quantitation. When the transfer activity is reported to a given amount of PLTP, no significant evolution could be observed (Fig. 5) . This paper mainly shows that an increase in the amount of PLTP and an enhancement of the phospholipid transfer activity occur during the germination of maize seeds and the early growth of the plantlets. This was observed only if the aerial part of the plantlet is considered. The amount of PLTP was stable during 36 h after soaking and germination, as long as the root had not merged through the seed coat. Between 36 and 48 h, protrusion of the root caused by cell extension occurs, accompanied by an important increase in PLTP level. This increase, determined by the ELISA method and confirmed by immunoblotting, is coherent with the augmentation of transfer activity measured in in vitro experiments. The synthesis of PLTP, at this stage, could be related to the biogenesis of membranes. After 48 h, the development of the growing aerial organs is accompanied by a synthesis of PLTP, probably related to continuing cell expansion and mitosis. The increase in total transfer activity in the whole plantlet paralleled the enhancement of specific activity which reached a maximum when the hypocotyl began to grow.
A parallel could be found between the evolution of PLTP activity and phospholipid amounts involved in growing mitochondrial fractions during germination of seedling. From the experiments reported in Figure 4 , PLTPs present in the aerial parts ofthe seedling taken as a whole are able to transfer, respectively, 13 to 40 nmol of PC per hour in one seedling at stages 36 and 60 h of germination. During the 24 h-period separating those two stages of germination, an increase of about 14 nmol of PC was determined in the mitochondria of one seedling (data not shown).
PLTP activity determined in vitro is thus high enough to account for the uptake of PC observed in mitochondria during the growth of the seedling. A strict correlation between in vitro activity of PLTP and in vivo increase of mitochondrial PC cannot be demonstrated more clearly because, in this These results indicate that active phospholipid transfer proteins are synthesized during the germination of maize seeds. This observation is consistent with previous studies made on the synthesis of PLTP (13, 16) . These experiments showed that mRNAs coding for PLTP are present in maize coleoptiles. The in vitro translation experiments followed by HPLC (13) or immunoprecipitation (16) indicated that the maize PLTP is synthesized as a 9 kD-polypeptide accompanied by a precursor form of 12 kD. It has been formerly suggested (8, 9) The lack of significant evolution of PLTP specific activity in the endosperm during germination could be related to the fact that endosperm tissues are mainly constituted of dead cells, where PLTP transfer activity related to membrane formation did not occur any more.
The variations of the levels of PLTP were also analyzed during the maturation of maize seeds. It was observed that PLTP accumulated during seed formation in the endosperm and probably in the embryo since PLTP is already present at the earliest stages of germination before any development. The slight increase of PLTP amount still observable between 5 and 7 weeks of seed formation could be the reflect of synthesis going on in the embryo.
A comparison can be made with the synthesis of other proteins related to lipid metabolism, namely acyl-carrier protein (7, 12 ). An increase both in ACP activity and ACP level, determined by immunochemical assay, was observed during the maturation of soybean seeds (12) while changes in the level of mRNAs coding for acyl-carrier protein were also observed (7).
In conclusion, the present study clearly indicated a synthesis of phospholipid transfer protein during the maturation and germination of maize seeds. The relationship which could be established between phospholipid transfer protein biogenesis and that of intracellular membranes provides arguments in favor of the participation of these proteins in the in vivo intracellular movement of phospholipids.
